Hydrodynamic characteristics and its associated thermodynamic and textural variation of three common Malawian beans varieties (Boma, Sugar and Mandondo) during soaking were evaluated at four temperature regimes (25˚C, 35˚C, 45˚C and 55˚C). The equilibrium water uptake of 127% ± 5% was reached in 10, 6, and 4 hours respectively, for 25˚C, 35˚C and 45˚C. Not much variation was observed between 45˚C and 55˚C except for sugar beans where equilibrium water uptake was reached within two hours of soaking at 55˚C. Three models namely Peleg, two-parameter Mitscherlich model and viscoelastic model were used to evaluate the comparative predicting capabilities of the bean hydrodynamic characteristics. All models predicted the water absorption accurately (R 2 > 0.903, RMSE < 4.95). In addition, the viscoelastic model gave a good prediction for the two water absorption phases. The impact of temperature and time on moisture transfer rate and bean hardness showed the activation kinetic parameters to be between 25 -65 kJ/mol. Sugar beans were found to be the least hard. At room temperature, its hardness reduced by 58% within 2 hours of soaking. At higher temperature (55˚C) hardness values were reduced to 12.5%, 11.1% and 15.0% within the first hour for Boma, Sugar and Mandondo beans, respectively.
important sources of starch and fibre, minerals and bioactive compounds and health benefits [1] [2] . Soaking of common beans is an important pre-process method of producing edible beans both locally and commercially. This process occurs either at room temperature or with water at higher temperatures but below the starch gelatinization temperature prior to cooking at much higher temperatures.
Water uptake during soaking influences the product's textural and nutritional qualities [3] [4] [5] . Hence, its modeling has been given significant attention. Several researchers have employed different hydrodynamic models to evaluate the water uptake or absorption during soaking. The Peleg model [6] is the most widely used model for hydrodynamics. It has been employed on different food products including chickpea [7] [8], mung grain [9] , dry bean [10] [11], lentils [12] .
Although, the hydrodynamics of beans has been considered as a diffusion process, and the liquid water transport has been modeled using Fick's law, other researchers [9] have argued that the liquid water movement cannot be described as solely diffusional mechanism. This is because the Fick's law hinges on assumptions that are partially valid for hydration processes. Several other hydrodynamic models have been evaluated for bean soaking. For instance, Shafaei and Masoumi [13] evaluated the moisture absorption kinetics of three Iranian bean varieties using fourteen standard models and concluded that the Weibull equation fitted best. Wood and Harden [7] also evaluated the hydration and swelling properties of chickpea using four different models including the modified Peleg model and their proposed two-parameter Mitscherlich model. They concluded that the two-parameter Mitscherlich model was superior due to its simplicity and the ability to allow individual curves to be overlaid for ease of comparison. Several studies [14] [15] [16] [17] have showed that water absorption kinetics of agro-products such as grains and cereals occurs in two phases-a rapid early phase and much slower second phase which continues until product equilibration. Some researchers [18] have argued that the inability of popular models such as the Peleg, Fick or Weibull to evaluate the water absorption rate during the second phase of absorption requires modification in water absorption modeling. They proposed a new model which uses the time-dependent behavior found in creep test of viscoelastic materials to model water uptake in the two phases.
Therefore, the objectives of this work were to 1) model the hydrodynamic characteristics of three Malawian bean varieties using the Peleg, the two-parameter Mitscherlich model and the recently proposed viscoelastic two-phase model; 2) evaluate the thermodynamics variations during soaking of common beans; 3) assess the textural changes during soaking. Prior to the experiments, the seeds were cleaned by removing foreign materials such as dried pods, stones, dirt, and broken bean seeds. Seeds with length 10.5 ± 0.5 mm were used in this work for consistency and to eliminate the influence of seed size on water absorption. Initial moisture content of samples was determined using the ASAE S352.2 DEC 97.
Materials and Methods

Materials
Hydrodynamic Experiments
Hydrodynamic experiments were conducted using randomly selected seeds of each variety to obtain 4 ± 0.1 g. The seeds were soaked in 20 ml distilled water at different temperatures (25˚C, 35˚C, 45˚C and 55˚C). The selected temperatures were below the starch gelatinization temperature. Prior to the experiment, the distilled water and its container were maintained at the desired temperature. For temperatures above room temperature, a water bath was used to establish the thermal equilibrium. Soaking were than for 15, 30, 60, 120, 240, 360, 480, 600, and 720 min. Preliminary experiments showed negligible water absorption variations after 600 min. At the end of each experimental run, the water was drained and the surface water on the samples dried using a paper towel. The weight of the samples was then determined. Experiments were conducted in triplicates.
The water absorption capacity was evaluated using Equation (1) 
Chemical Properties
The Dumas combustion method in accordance with AOAC method 968.06 [20] was used to determine the total nitrogen content of bean powders. The crude protein was then estimated using a conversion factor of 6.25. Moisture content of pulverized samples was measured using the hot air oven method AOAC Method 925.09 [20] . 
Hydrodynamic Modeling
Hydrodynamics of legumes have widely been modelled with theoretical and empirical models. Due to the relative ease of use, the latter is preferred. The Peleg equation and its modifications are the most used empirical models for hydrodynamic characteristics. In this work, in addition to the Peleg model, three other hydrodynamic models namely viscoelastic model, the Weibull model and the Advances in Chemical Engineering and Science two-parameter Mitscherlich model were all fitted to the experimental data.
Peleg Model
The Peleg model [6] is a two parameter sorption equation used to predict water adsorption of rice during soaking. Rate of water absorption is defined as:
In its linearized form, the water absorption capacity is given by Equation (3)
where, t is the soaking time in min, The equilibrium moisture content, e M (d.b) was determined using Equation (4) [22] given by:
Viscoelastic Model
The viscoelastic model is based on the fact that water absorption characteristics are time dependent just like other viscoelastic properties of food. Therefore, the two-phase water absorption characteristics of common beans can be model using Equation (5) ( )
where rel K is the rate of water absorption in the relaxation phase (%/min.), ret M is the total retarded moisture content and ret T is the retardation time, referring to the time required by the seed moisture content to reach 63% of .
ret M
Two Parameter Mitscherlich Model
The Mitscherlich model [23] is an asymptotic regression model given by
where, t W is the weight after soaking for time t (hours), γ is the asymptote, α is the increase in weight and β is a curve parameter related to the rate of weight change over the period 0 t = to t = ∞ .
In its modified form, the weight gain is modeled and the asymptote, γ is eliminated. The water absorption capacity can now be predicted with a two parameter Mitscherlich model given by Equation (7) [7] [12]:
( )
where, a W is the water absorption (d.b %) after soaking for t (min).
Model Evaluation
The models were evaluated using the coefficient of determination (R RMSE are given by Equation (8) and Equation (9) as:
Thermodynamic Variations
Thermodynamic variations during soaking can be determined by estimating the dependence of the Peleg model coefficient on the water temperature. This dependence is expressed in the Arrhenius equation shown in Equation (10): [24] . In the linearized form Equation (10) becomes:
gives a linear graph with 
where, R is the universal gas constant; ln ref K is the ordinate intersection of the linearized plot to obtain the activation energy (Equation (11) 
Texture Changes during Soaking
Changes in hardness of dry and soaked beans (as a function of time and temper-Advances in Chemical Engineering and Science ature) were determined using a TA-HD Plus texture analyzer (Stable Micro Systems Ltd, Surrey, UK), a return-to-start (RTS), measuring force under compression using a 2-mm cylindrical stain less-steel probe (P2). The selected probe is widely used for bean hardness due to its ability to impact the tegument which helps differentiate similar samples [26] . A 50-kg load cell was used for the experiment. Soaked beans were compressed axially to 75% of their original height applying a cross head speed of 1.0 mm/s and a pre-test and post-test speed of 1 mm/s [27] .
Bean hardness was defined as the peak force of the texture curve corresponding to the required force to deform the seed. Due to significant variation of individual bean hardness [24] ten (10) bean seeds were chosen to represent each treatment. For consistency, the orientations of the seeds on the analyzer platform were kept uniform.
Results and Discussions
Chemical Properties
The chemical composition of the varieties used in the study is shown in Table 1 . Figure 1 shows a plot of the hydrodynamic characteristics of the studied cultivars at different soaking times and water temperature. It can be seen from these plots that water uptake was faster in the initial stages (first 240 min.) for all tem- that the main mechanism controlling the rate of water absorption in seeds is diffusion through the endosperm regardless of the process condition. During hydration, water is absorbed by the seed coat, then diffused into the interior and cotyledon [33] . The results also showed that equilibrium water uptake was similar for all varieties even at different temperatures, however, the time to reach that point varied significantly for different soaking water temperature. This may be attributed to the increase in water permeability as the temperature rises. On the average, the equilibrium water uptake was reached in 10, 6, and 4 hours, respectively for water temperature at 25˚C, 35˚C and 45˚C. Not much variation was seen between 45˚C and 55˚C except for sugar beans where equilibrium water uptake was reached within two hours of soaking at 55˚C.
Hydrodynamic Characteristics
Hydrodynamic Modeling
Peleg Model
The experimental data were fitted to the Peleg model (Equation (3)). Using a non-linear regression analysis, the model constants were determined and presented in Table 2 Similarly, K 2 which represents the maximum water absorption capacity followed a decreasing trend as water temperature increased. This was expected due to the inverse relationship with the water absorption capacity as reported by other researchers [22] . There was no statistical significant difference among the varieties studied, implying that the maximum water holding capacity of the varieties were the same even at different temperatures provided there was sufficient time to reach equilibrium water uptake. Depending on the food material under consideration and whether soluble solids loss have been considered in the evaluation, the water absorption capacity of a food material may increase or decrease with temperature. In this study, soluble solid loss had not been considered hence the observed trend.
Two Parameter Mitscherlich Model
The two parameter Mitscherlich model was fitted to the experimental data and the results displayed in Table 3 . The result indicates the Maximum hydration parameter, α increase with increasing temperature for all the studied varieties. The rate of hydration represented as β, on the other hand decrease with increasing temperature.
In contrast to raw experimental data which indicated that regardless of the soaking temperature, the equilibrium water uptake was similar for all varieties, the two parameter Mitscherlich model showed that the maximum hydration among the varieties at room temperature, α differs significantly (p < 0.05). This may be due to an underestimation of maximum hydration at lower temperature. This is also reflected in the high RMSE values at room temperature. Table 4 shows result of non-linear regression analysis of fitting the viscoelastic model to the experimental data. The results show that the viscoelastic model accurately predicted the hydrodynamic characteristics of the selected common bean varieties with RMSE of less than 2.5. Additionally, both the rapid early water absorption and the slower second phases were adequately described by the model parameters. The amount of water absorbed in the first phase increased with increasing hydration temperature for all varieties as expected. Mandondo beans showed the highest first phase water absorption of 99.5% at 55˚C while Boma bean showed the lowest initial water absorption (49.2%) at room temperature. The time to reach this initial phase varied from 128 to 178 min at room Advances in Chemical Engineering and Science Table 4 . Viscoelastic parameter estimation and goodness of fit. temperature. At higher temperature (55˚C) this time reduced to a third for Boma and Mandondo beans and only 17% for Sugar beans. This implies commercial hydration process for sugar beans can be achieved rapidly (less than 25 mins) during processing by increasing water temperature to 55˚C.
Viscoelastic Model
Variety Temperature M o % (d.b) M rel % (d.b) T rel min K rel % (d.b)/min
Model Comparison
A comparison of the three models used for this work is shown in Figure 2 . As can be seen from the plots, all models accurately described the water absorption characteristics of the common bean varieties at the selected soaking temperatures (25˚C -55˚C). However, the Peleg model seems to better predict the hydration behavior of Boma beans than others, while the Viscoelastic model predict Mandondo beans better than the others.
Thermodynamic Variations
Temperature dependence of the initial rate of water absorption has been modeled with the Arrhenius equation expressed in Equation (10) . The kinetic parameters are reported in the Table 5 below. The magnitude of the activation ener- 
Effect of Soaking Time and Temperature on Bean Texture during Soaking
Textural variations determined as the changes in bean hardness as a function of time and temperature are shown in Figure 4 and Figure 5 . Three phases of Sugar beans showed the highest enthalpy change and the greatest energy variation due to bean-water interaction during hydration also seem to support this assertion.
The effect of soaking water temperature on bean hardness, shown in Figure 5 revealed that soaking above room temperature significantly impacted hardness.
Although, this difference reduces markedly above 35˚C. Nonetheless, after 360 mins of soaking bean hardness is similar irrespective of the water temperature.
Conclusion
In this present study, the hydrodynamic characteristics of three Malawian common beans varieties were investigated. Hydration temperature and time had a significant influence (p < 0.05) on the hydration kinetics of the selected common bean varieties. The time required to reach equilibrium water uptake was determined as 10 ± 1.08 hours for all bean samples. This equilibrium time reduces to 6 and 4 hours when beans are soaked at 35˚C and 45˚C. Soaking above 45˚C did not significantly reduce the equilibrium water uptake except in Sugar beans. The hydrodynamic characteristics were modeled using Peleg model, two-parameter Mitscherlich model and the viscoelastic model. All the models accurately described the water absorption characteristics of the common bean varieties at the selected soaking temperatures. Furthermore, the initial rapid early water absorption was successfully modeled to be between 49.2% and 99.5% with the viscoelastic model for the studied varieties. The impact of temperature and time on moisture transfer rate was determined with Arrhenius relation. The activation energies were found to be within 25 -65 kJ/mol. Thermodynamic properties such as enthalpy and entropy change decreased with increasing temperature while Gibbs energy increased with increasing soaking water temperature. Changes in bean hardness were found to be significantly influenced by soaking time and temperature. While it takes 360 mins to reduce bean hardness to less than 20% at room temperature, the same level of hardness reduction can be achieved in 60 mins during soaking at 55˚C.
